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SECTION 1 -. INTRODUCTION POOR QUALITY 
A dependable environmental data base is required by t h e  a g r i c u l t u r a l i s t  i n  
h i s  crop management p rac t i ces  and problems. Much c f  t h i s  i s  provided d i r e c t l y .  
An important i n d i r e c t  channel is  computeritzed crop management models such a s  
those developed by Virgin ia  Polytechnic I n s t i t u t e  and S t a r e  Universi ty (VPIGSU), 
aimed a t  optimizing i r r i g a t i o n  procedures and con t ro l l ing  p l a n t  d iseases  and 
pes t s .  These models requi re  r e l i a b l e  est imates of p r e c i p i t a t i o n  on a day-to-day 
bas i s  i n  near real time. Daily observations of p r e c i p i t a t i o n  reported on a 
network of r a i n  gages provides accurate d a t a  f o r  t h e  immediate v i c i n i r y  of each 
gage. I f  the d i s t r i b u t i o n  of gages were uniform and s u f f i c i e n t l y  dense (say 
severa l  hundred gages over the s t a t e  of Virginia)  and i f  a l l  measurements were 
made a t  the same time of  day, and made immediately ava i l ab le  t o  t h e  computer, 
then in te rpo la t ion  between gages should provide a r e l i a b l e  es t imate  f i e l d  f o r  
the  e n t i r e  s t a t e .  In p rac t i ce ,  meeting these  c r i t e r i a  is both d i f f i c u l t  and 
expensive. Furthermore, convective r a i n ,  t h e  predominant type during t h e  
growing season, i s  usual ly  sharply discontinuous, f requent ly  inva l ida t ing  
straightforward in te rpo la t ive  methods. 
A number of inves t iga to r s  have developed and t e s t e d  methods t o  est imate pre-  
c i p i t a t i o n  using meteorological s a t e l l i t e  data.  See Bar re t t  (3) ' '), Chan , 
Fol lansbee and ~ l i v n r ( ~ ) ,  ~ o l l a n s b e e  ('I, G r i f f i t h  e t  a1. (61 , Martin and 
~chere r" ' ,  Scof ie ld  and  liver"), and Woodley and  ax"). n e s e  techniques 
show varying s k i l l  i n  de l ineat ing  p rec ip i t a t ion  p a t t e r n s  i n  t h e  data-sparse 
areas  between gages, Geostationary s a t e l l i t e s ,  which provided complete cloud 
photograph coverage of t h e  United S ta tes  every ha l f  hour during daylight  hours 
i n  t h e  v i s i b l e  spectrum and around-the-clock i n  the  IR, a r e  p a r t i c u l a r l y  use fu l .  
An exce l l en t  technique based on geostat ionary s a t e l l i t e  d a t a  developed by 
Scof ie ld  and  liver'^), has been used successful ly by t h e  Synoptic Analysis 
Branch of the  National Enviraxmental S a t e l l i t e  Service (NESS) i n  support of  
the  Quant i ta t ive  Prec ip i ta t ion  Branch (QPB) and t h e  Weather Service  Forecast 
Office (WSFO) o f  t h e  National Weather Service (NWS) i n  e s t ima t ing  heavy 
p r e c i p i t a t i o n  and flood s i t u a t i o n s .  Another such technique, developed j o i n t l y  
by t h e  University s f  Wisconsin and the  National Hurricane and Experimental 
Meteorology Laboratory, Irliami, F lor ida ,  has been used i n  suppor t  of t h e  GATE 
p r o j e c t  of the  Global Atmospheric Research Program. See Martin e t  a l .  (10) 
and G r i f f i t h  e t  a1.(li). Both methods depend i n  la rge  p a r t  on t h e  following 
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facts taken from ~ c o f i e l d  md 01iver(*) and woodley etn.1. (12) regarding r a i n  
* 7 
clou& : ,* .) 
1 Briphr clouds i n  t he  v i s i b l e  imagery produce more r a i n  than 
darker  clouds. 
2. Bright clouds i n  the v i s i b l e  imagery and clouds with cold tops  
i n  t he  infrared imageiY which a r e  expanding i n  a r e a l  coverage 
produce more r a in f  a1 1 than those not expanding. 
3. Decaying clouds prodtj,ce l i t t l e  o r  no r a i n f a l l .  
4 .  Clouds with cold tops i n  t he  IR imagery produce more r a i n  than 
those  with warmer tops.  
5 .  Clouds with cold tops t h a t  a re  becoming warmer pmduce l i t t l e  o r  
no ra in .  
6. Merging of cumulonimbus clouds increases the  r a i n f a l l  rate of t h e  
merging clouds. 
7. Most of t he  s ign i f ican t  r a i n f a l l  occurs i n  t he  upwind (at anv i l  
l eve l )  port ion of a convective system. The highest  and co ldes t  
clouds 'fonn where the thunders~orms are  most vigorous and t h e  r a i n  
heavies t .  These cold clouds get th inner  downwind and look wanner ' 
i n  IR imagery as  the anvi l  material  blows away f rom i t s  o r i g i n  
over the  updraft .  
The Scofield/Oliver technique was t en t a t i ve ly  selected, a s  a model f o r  making 
d a i l y  est imates of p rec ip i ta t ion  over Virginia because of i t s  g rea t  success  
i n  est imating flood-producing ra ins  over the  United S t a t e s  i n  near  r e a l  time 
Scofield and 0 l i ve r  (13), Scofield '14815) . Experiment with t h i s  technique,  
which was developed primarily f o r  very heavy convective r a i n s  during the  warmer 
months of t h e  year,  suggested t ha t  modifications would be advisable  when 
applying it t o  l i g h t  r a in  s i t ua t i ons ,  t o  synoptic s ca l e  storms, and 
(especial ly) t o  winter storms. Time being of  t he  essence i n  t he  opera t iona l  
mode, it was decided t o  follow the  hourly changes and movements of storm clouds 
i n  t h e  enhanced infrared CEIR) only, r a the r  than the  half -hour ly  i n  both t h e  
E I R  and v i s i b l e  imagery, a s  ca l l ed  f o r  i n  t he  Scofield/Oliver scheme. 
Scofield (15) t r i e d  t h i s  approach on the  large  synoptic s t o m  over t h e  nor th-  
eas te rn  United S ta tes  on October 9, 1976, with encouraging r e s u l t s .  This 
va r i a t i on  o f  the  Scofield/Oliver technique w i l l  be r e f e r r ed  t o  h e r e a f t e r  as 
t h e  S technique. 
1-2 
Hourly radar charts from the Matdonal Facsimile Circuit of NWS, and hourly 
i 'hs radar reports from Patuxent, Maryland and Bristol, Tennessee were used to 
locate areas o f  heavier rain, but (generally speaking) not t o  estimate amounts, 
OR'C!?IAL PAGE IS 
SECTION 2 * PRELIMINARY STUDIES 
Seven storms occurring between May apd November 1978 were analyzed by 
hand. Isohyets o f  hourly r a i n f a l l  es t imates ,  based on the  S technique 
s l i g h t l y  modified by r ada r  r epo r t s ,  were drawn on the map of  Virginia  and 
i ts  immediate v i c i n i t y .  From these i sohyeta l  cha r t s ,  es t imates  f o r  2s  
s t a t i o n s  equipped with r a i n  gagas were tabula ted  f o r  each hour from 12QOZ 
(noon Greenwich M~an Tirne) on one day t o  12002 the  following day. The hourly 
est imates  were sunned and compared with observed r a i n f a l l  amounts a t  t h e  25 
s t a t i o n s  f o r  t h e  same time period. The r e s u l t s  ranged from exce l len t  t o  p m r ,  
Obviously, t o  be opera t iona l ly  e f f e c t i v e ,  es t imates  adjacent t o  these s t a t i o n s  
would have t o  be adjusted t o  the  gage readings. Furthermore, t h e  25 s t a t i o n s ,  
which report  da i ly  on National Facsimile and/or Service C Teletype C i rcu i t s ,  
should be supplemented by as  many volunteer s t a t i o n s  as  f ea s ib l e .  
Eventually a s impl i f ied  and rap id  method of est imating rain from s a t e l l i t e  
imagery was designed as a poss ib ls  a l t e r n a t i v e  t o  t he  more laborious and 
time-consuming S technique. This quick (Q] technique assigned r a i n  f o r  a 
given hour i n  accordance with the  cloud top  temperature i n  t h e  E I R  imagery 
a t  the  end of t ha t  hour. (Later the cloud top  temperature a t  the  beginning 
of the hour was used.) The d i g i t a l  enhancement (bib) curve was used: areas  
I shaded medium gray (-32 t o  -41°C) were assigned 0,05 inch of r a i n ;  areas  
I 
shaded l i g h t  gray (-41 t o  -52'C) were assigned 0.10 inch,  a reas  of dark gray 
C-52 t o  -58°C) were assigned 0.25 inch; black, areas  (-58 t o  -42°C: were 
designated 0.50 inch; repeat  gray leve l  a reas  (-62 t o  -80°C) were designated 
1.00 inch, and white areas  (below -80°C) were assigned 1.50 inches,  (See 
Table 2-1 . )  
Table 2-1. Cloud Top Temperature vs Prec ip i ta t ion  Used i n  1978 Storms 
Enhanced Shade Temperature Range 
CMb cumel  ("C) 
Medium gray -32 t o  -41 
Light gray -41 t o  -52 
Dark gray -52 t o  -58 
Black -58 t o  -62 
Repeat gray -62 t o  -80 
White Below -80 
Prec ip i ta t ion  
(inches) 
0.05 
0.10 
0.2s 
0.SO 
1.00 
1.50 
The Q technique gave l a rger  errors t h m  tho S tachniqum i n  es t fnu t ing  precipi -  
tation a t  the  25 d r i l y  repart ing s ta t ions  f o r  ttse sevm 1978 s t o m .  However, 
it w a s  never intended t ha t  e i t he r  method be w e d  alone a s  on operat ionr l  too l ,  
rde.1 ly ,  any operational s r t e l l i  t e  technique should be comected f o r  "ground 
truth" observed ra in  a t  a l l  gages i n  the  network, and modified by interpoLation 
of the  gags readings. O r ,  put another way, an i sohyetr l  f i e l d  based on the  
gage readings alone should be modified by reference t o  the s a t e l l i t e  est;imate 
f ie ld .  S a t e l l i t e  methods have the  advantage of covering the  en t i r e  f i e l d ,  but 
f a i l  t o  provide exactly accurate estimates a t  given points .  On the other hmd, 
gage networks provide exact measurements a t  f ixed points ,  but the  in terpola t ions  
are inexact. This suggests thac optinal  r e su l t s  a r e  l ike ly  t o  be obtained by 
a judicious blend of the  two. with t h i s  i n  mind, nine methods of estimating 
24-hour precipi ta t ion over the s t a t e  were designed and tes ted  on the seven 
storms of 1978. These nine methods w i l l  be referred t o  as G, S, Q, Sm, Qm, Sa, 
Qa, Sam and Qam, 
Hethod G used 24-hour precipi ta t ion amounts from a network of 63 ra in  gages 
t o  in terpola te  the estimate 2ield. The interpolat ion method is described i n  
the next section.  This network consisted of 25 s ta t ions  which r eps r t  dai ly  
on the  NWS facsimile and teletype c i r c u i t s ,  and 38 s ta t ions  reporting several 
months a f t e r  the  fac t  i n  NWS Climatological Data Summaries (CDS). Fomy-nine 
s t a t i onsq  reports  from the  CDS were held i n  reserve as control  data f o r  
ver i f ica t ion purposes. [See Figure 2 .1 )  
The S a d  Q methods are  the S and Q techniques described above. The Sm method 
produces an estimate f i e l d  from the mean of the S value and G value a t  each 
point i n  the f i e ld .  The Qm method takes the mean between the Q and C values 
a t  each paint t o  obtain the  Qm f i e l d ,  
Considering the  gage reading t o  be ground t r u th  a t  the gage location,  ?;he 
e r ro r  f o r  S a t  each analysis  gage location ww cotnputed and an e r ro r  f i e l d  
derived by in terpola t ion.  S values a t  a l l  points i n  the s t a t e  were adjusted 
by t h i s  e r ro r  f i e l d  t o  get  the Sa f i e l d .  This  is  the Sa method. The same 
procedure was used t o  adjust  the  Q values and obtain the Qa f i e ld .  This i s  
the Qa method. 
The Sam method takes the  msm between the Sa and G values a t  each point t o  
obtain the S,sm f i e l d .  The Qam method obtains t he  Qam f i e l d  from the  mean 
of t h e  Qa value and C value a t  each point.  (In actual pract ice  the  i n t e r -  
polations were made only fo r  the control s t a t ion  locations, i n  order t o  ver i fy  
each method. ) 2 -2 
27 DaHy Reporting Analysis Gages 
0 38 Delayed Analysis Gages 
A 49 Delayed Control Gages 
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Each of the nine mrthads w a s  tested for each 08 the seven storms i n  1978, 
using the 49 control stations for verification. l o b l a  2-2 gives colpeosite 
scores for @a& method for  the seven sltonru taken together, including man 
abs~lutc e m ? ,  man algebraic e r ror  (bias), and the correlation coefficient 
for each method versus obur l~ed  precipitation. The Qa method obtained the 
best scores, but the Qaa and Sam, ranking racond and th i rd ,  rsspectivaly, 
were almost as good. ?he Q method ranked a poor lut, and the S method i s  
next t o  the lut, but decidedly superior t o  Q. The G method is i n  the middlo 
of t h e  group, but it shows the highest correlmtion coefficient on three of 
the S t o m ,  and the t e u t  absolute error on two stonas. Table 2-3 through 
2-9 show the pcrfonance of each method on each individual storm. 
These scores suggest that  although either s a t e l l i t e  method taken alone will 
seldom produce the best estimates state-wide, estimates based on the Q method, 
when adjusted by observed gage readings, may frequently be more a c a n t e  than 
eseirno~ss based on interpelations between sbsarvsd gage measurements alone, 
The scores also indicate that it is safe to  adopt the various Q methods while 
abandoning the labor- intmsive,  time-consuming S methods , 
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Toble 2-26 Composite Scores f o r  each Nethod f o r  Seven 1978 S toms  Combined 
Method Cotrelation bfem Error Mean Error 
Coefficient (Absoluts) * (Algebraic) * 
G 
S 
Q 
Sm 
Qm 
Sa 
Qo 
Sam 
Qam 
N8317r Mean Rain st Control Stations: 0.574 inch, 
NOTE: Numbers in parentheses indicate rank, 
- * Inches, 
Table 2 -5 ,  Scores for Storm May 4 - 5 ,  1978 
Method Correlati,on \clean Error Wean Error 
Coefficient (Absolute) * (Algebraic) * 
8-46 bfean rain at  control stat ions:  1.370 cinches, 
NOTE: Best scores are underlined. 
-
Tabla 2-4. Scorer for ~t;nn May 31-Juna 1, 1978 
Method Correlation Mam Error Mean Errnr 
Coafficient &bsolute) * (Algebrpic) * 
N=45. Mean rain at  control stations: 0.014 inch. 
NOTE: Best scores underlined. 
-
* Inches. 
Table 2-5. Scores for Storm June 8-9, 1978 
Method Comelation Nean Emor Mean Error 
Coefficient (Absolute) * (Algebraic) * 
G 
S 
Q 
Sm 
Qm 
Sa 
Qa 
Sam 
Q= 
N-44. +lean rain a t  control stations: 0.459 inch. 
NOTE: Best scores underlined. 
-
* Inches. 
! Table 2-6, Scores for  Storm June 21-22, 1973 
Method Correlation 
Coefficient 
Mean Error 
(Absolute) * 
Mean Error 
(Algebraic) * 
N=46. Mean rain at control stat ions:  0,369 inch, 
NOTE: Best seoros underlined. 
-
* Inches. 
Tnble 2-7.  Scores for S t o n  July 14-15, 1975 
bkthad Correlation Mean Error kcm Error 
Coefficient [Absolute) * (Algebraic) * 
G 
S 
Q 
Sm 
Qm 
S a 
Qa 
Sam 
Qam 
N=43, Mean rate at  control stat ions:  0.222 inch. 
NOTE : Best scores underlined. *Inches. 
Table 2-8. Scoror for St,ona July 31-August 1, 1978 
Method Cornlation Mem Emr Mean error 
Coefficient (Absolute) * (Algebraic) * 
G 
S 
Q 
Sm 
QFn 
So. 
Qa 
Snm 
Qm 
N.48, Mem ra te  at contr01 stations: 0,536 inch. 
Tabla 3 - 9 ,  Scores for S t o n  November 16-17, 1978 
Method Correlation $lean Error Haan Error 
Coef f ic iant  (Absolute) * (Xlgabrsic) * 
N.45. Mean rate at control stations: 0,SSJ inch. 
NOTE: Best scores underlined. * Inches. 
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SECTION 3 - DESCRIPTION OF AUTOMATED TECHNIQUE 
. - 
Photographs o f  V i rg in i a  and v i c i n i t y  take11 by t h e  geos t a t iona ry  s a t e l l i t e  
l oca t ed 'ove r  t h e  equa to r  a t  75' west longi tude c o n s i s t  o f  very  small p i c t u r e  
elements ( p i x e l s ) .  Due t o  foreshortening at t h e  l a t i t u d e  of V i r g i n i a ,  each 
p i x e l  i s  a photograph o f  a rec tangular  a r ea  9.7 ki lometers  north-south and 
6.2 ki lometers  east-west .  There a r e  4879 of t h e s e  c e l l s  i n  t h e  r e c t a n g l e  en- 
c l o s i n g  t h e  s t a t e  of Vi rg in ia  and i t s  immediate v i c i n i t y .  The information 
i n  each pi*el i s  t h e  c e l l ' s  cloud top temperature t o  t h e  n e a r e s t  whole degree 
Cels ius .  If d i g i t a l  cloud da t a  could be accessed a t  need, a l i n e a r  r e l a t i o n s h i p  
between cloud top  temperature and hourly p r e c i p i t a t i o n  might be  used. This 
would be a g r e a t  refinement of t h e  s c a l e  shown i n  Table 2-1. 
NASA was f o r t u n a t e  i n  arranging f o r  r e c e i p t  of  t h e  d i g i t a l  I R  and v i s i b l e  
imagery f o r  V i r g i n i a  on a continuing bas i s .  The dedica td  sou rce  i s  t h e  
National  Meteorological Center (NMC) o f  NWS loca ted  a t  Camp Spr ings ,  Maryland. 
Hourly d i g i t a l  imagery, both I R  and v i s i b l e ,  i s  s to red  i n  NMC's d a t a  tank. 
Each p i c t u r e ,  i f  needed, must be acquired by NASA ( l a t e r  by VPItSU) v i a  auto-  
d i a l  within 18 hours o f  p ic ture- tak ing  time (before it is erased i n  o r d e r  t o  
s t o r e  more r ecen t  p i c t u r e s . )  
As a consequence of  t h i s  d a t a  breakthrough, a number o f  o p t i o n s  and s t r a t e g i e s  
under  cons idera t ion  were abandoned. These included time-consuming hand 
a n a l y s i s  of s a t e l l i t e  imagery by a profess iona l  meteoro logis t ,  t r a n s f e r  of 
hour ly  i sohye ta l  ana lys i s  t o  b i t -pad  equipment us ing  a c u r s o r ,  and complicated 
summation of  t h e  i sohye ta l  f i e l d s  t o  ge t  24-hour t o t a l s  f o r  a l l  c e l l s .  Since 
t h e s e  slower procedures were abandoned, no desc r ip t ion  i s  necessary .  
The system now i n  use  c o n s i s t s  of  two computer programs w r i t t e n  i n  FORTRAN. 
See Appendix A f o r  a complete l i s t i n g  of these  programs. The f i rst  program 
computes t h e  s a t e l l i t e  es t imate  (Q) f i e l d  from t h e  hourly d i g i t a l  I R  imagery, 
The second program computes t h e  f i n a l  e s t ima t s  f o r  t h e  e n t i r e  s t a t e  a r e a  by 
comparing f i v e  prel iminary est imates  of  24-hour p r e c i p i t a t i o n  (Q, G ,  Qa, Qm 
and Qam) with con t ro l  raingage readings and determining which o f  t h e  f i v e  
methods g ives  t h e  b e s t  es t imate  f o r  t h e  day. The f i n a l  e s t i m a t e  is then 
produced by incorpora t ing  con t ro l  gage readings i n t o  t h e  winning method. 
The s a t e l l i t e  es t imat ion  program cons i s t s  of  t h e  nain d r i v e  r o u t i n e  RAINDR 
and f i v e  subrout ines :  PREPRO, RDATA, QUICK, LOOKUP, and RAINSM (see Appendix A ) .  
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RAINDR processes each hour of s a t e l l i t e  I R  imagery as follows: F i r s t ,  i n  sub- 
routino PREPRQ, the raw data (as received from NW v i a  autodial)  i s  s t r ipped  
-1 
. * 
down t o  the minimum s i z e  which s t i l l  covers the  e n t i r e  s t a t e .  Next, each 
p ixe l  i n  the reduced da t a  s e t  i s  converted from temperature t o  r a i n f a l l  amount 
i n  subroutine QUICK (the Q method) using t h t  temperature t o  r a i n f a l l  conversion 
t a b l e  generated i n  subroutine LOOKUP, This new data s e t  is then added t o  t he  
t o t a l  r a i n f a l l  data s e t  i n  subroutine RA1NSF.I. After a l l  24 hours of IR imagery 
have been processed the  sum i n  the t o t a l  rainfal l  file i s  the 24-hour s a t e l l i t e  
estimate - the Q method estimate f o r  the day. 
The f ina l  estimation program consis ts  of t he  main dr iver  rout ine MAIN and 7 
subroutines: GNDTRU, FiLSIA, SORT, IWERP, NXTPNT, RANGE, and 'WEIGZFT. The 
f i n a l  r a i n f a l l  estimate is  computed by MAIN as  follows: The s a t e l l i t e  es t imate ,  
computed previously i n  the  f i r s t  program, and the gage readings f o r  each 
reporting ground s t a t i on  a re  entered in  subroutine FILSTA. Subroutine INTERP 
then computes the  interpolated r a i n f a l l  and e r ro r  values f o r  each control  
station i n  t he  system using these values at each analysis  s ta t ion .  Subroutines 
SORT, NXTPNT, RANGE, and WEIGHI' a re  used i n  the  interpolat ion scheme which 
w i l l  be described l a t e r .  Once the interpolated ra in  and e r r o r  values have 
been computed f o r  each control s t a t i on ,  the f ive  preliminary estimates a r e  
computed. G is simply the interpolated r a i n f a l l  f i e l d ;  Q is  the s a t e l l i t e  
estimate computed previously; Qa is  the s a t e l l i t e  estimate (Q) plus the i n t e r -  
polated e r ror  value (the e r ror  value adjusts the s a t e l l i t e  estimate) ; Qm is  
the  mean of the  interpolated r a i n f a l l  f i e l d  and the s a t e l l i t e  estimate;  and 
Qam i s  the mean of Qa and the interpolated r a i n f a l l  f i e ld .  From these 
values an e r r o r  i s  computed fo r  each of the f ive  estimates and the absolute 
value summed f o r  a l l  control s ta t ions .  The method with the  lowest t o t a l  e r r o r  
i s  proclaimed the o f f i c i a l  method o r  ttwinneril fo r  the  day. Once the  winner 
has been found, the control  s t a t i on  gage readings a r e  incorporated in to  t he  
winning method and the f i n a l  estimate i s  computed. When G wins, subroutine 
INTERP computes the interpolated r a i n f a l l  f i e l d  f o r  the  e n t i r e  s t a t e  using 
both control and analysis s ta t ions .  When Q wins, the  previously computed 
s a t e l l i t e  estimate i s  the  f i e l d  estimate Cbut a l l  observed gage readings 
override the s a t e l l i t e  i n  t h e i r  c e l l s . )  When Qa wins, INTERP computes the  
interpolated e r r o r  f i e l d  f o r  the e n t i r e  s t a t e ,  which i s  then added t o  t he  
s a t e l l i t e  estimate,  producing the  f i n a l  estimate. When Qm wins, INTERP 
computes the interpolated r a i n f a l l  f i e l d  and the f i n a l  estimate is the mean 
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o f  t h i s  f i e l d  and the  s a t e l l i t e  estimate. When Qam wins, INTERP computes 
both the  in te rpo la ted  r a i n  and e r r o r  f i e l d s ,  the  s a t e l l i t e  es t imate  i s  addod 
t o  theee r ro r  f i e l d  (Qa f i e l d )  and the  f i n a l  est imate i s  the  mean of  t h i s  
f i e l d  and t h e  in terpola ted  r a i n  f i e l d ,  See Figure 3-1 f o r  general  flow diagrams. 
The curve f i rs t  used i n  automated technique r e l a t i n g  cloup top  temperature t o  
hourly p r e c i p i t a t i o n  ac tua l ly  cons is ts  of  two l i n e a r  curves with d i f f e r e n t  
s lopes ,  -3Z°C corresponds t o  0.01 inch and -56OC corresponds t o  0.25 inch;  
t h a t  is,  r a i n  increases by 0.01 inch f o r  each 1°C decrease i n  temperature. 
Thereaf ter  r a i n  increases by 0.05 inch f o r  each 1°C decrease i n  temperature 
of  t h e  cloud top.  Thus - 8 3 ' ~  corresponds t o  1.60 inches o f  r a i n  p e r  hour,  
and the atmosphere should seldom become colder than t h i s .  
For the  storm of August 15-16, 1980, the  f i r s t  storm analyzed by t h e  new 
automated technique, a number of s t a t ions  which repor t  hourly p r e c i p i t a t i o n  
amounts were compared with the  corresponding cloud top  tempera ture . in  t h e  
p i c t u r e s  a t  the  beginning and end of the  hour. A new curve was generated 
from the r e s u l t i n g  s c a t t e r  diagram. For t h i s  curve, -24OC corresponds t o  
0.01 inch, and - 5 6 ' ~  corresponds t o  0.17 inch, f o r  an increase  o f  0 . O 1  inch 
f o r  each 2OC decrease i n  temperature. Thereafter  r a in  increases  0.06 inch 
f o r  each 1 ° C  decrease i n  temperature, reaching 1.80 inches a t  -83OC. (See 
Figure 2-2,  ) 
Both curves have been applied t o  each of the  1980-81 storms s tudied .  The 
v e r i f i c a t i o n s  a r e  l i s t e d  i n  Tables 5 - 1  through 5-22.  A s  a r e s u l t ,  t h e  o ld  
curve has been adopted as o f f i c i a l ,  
The s t a t i o n s  used i n  analysis and v e r i f i c a t i o n  of  1975 storms (Figure 2 - L )  
a r e  not uniformly d i s t r ibu ted ,  but these were t h e  only ava i l ab le  s t a t i o n s  
which repor t  a t  o r  near 7 a.m. EST (1200Z.) By August 1980 severa l  of  these  
s t a t i o n s  had been discontinued, while a considerable number had'been added. 
Figure 3-3 shows the  locat ion of s t a t ions  used i n  analyzing and ver i fy ing 
t h e  storms of 1980 and 1981. Twelve Nationwide Agricultural  Touchtone 
System CNATS) s t a t i o n s ,  recrui ted  by VPIESU, are included. The d i s t r i b u t i o n  
s t i l l  leaves eas tern  Virginia and the  southwestern counties under1 populated, 
These gaps a r e  t o  bu f i l l e d  with NATS s t a t i o n s  i n  the  near  f u t u r e .  Also t h e  
delayed s t a t i o n s ,  which repor t  i n  t h e  CDS severa l  months l a t e ,  w i l l  have t o  
be replaced unless the  observer can be induced t o  r epor t  i n  r e a l  t ime v i a  NATS. 
3-3 j .  
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Tlae r u t w t e d  technique geaermtes f i v e  f i e l d r p o f  24-hour p r e c i p i t a t i o n  
estiartes f o r  t he  s t a t e  of Virginia ,  t e s t s  each f i e l d  aga ins t  cont ro l  da ta ,  
and chooses (for  t h e  dry i n  question) t he  f i e l d  which makes t h e  bes t  score,  
The f i e l d s ,  designated G, Q, Qm, Qa and Qun, my be subdivided i n t o  prel imi-  
nary and f i n a l  f i e l d s  a s  t he  technique proceeds. Each f i e l d  cons i s t s  o f  2885 
r e c t m g u l W  c s l l s  which cover the  s t a t e .  
A l l  24-hour r a i n  gage xeadings taken at o r  near  7 a,m, EST (noon W) a r e  
ingested by the  mini-computer, which in t e rpo la t e s  between t h e  ana lys is  
s t a t i o n s  t o  ge t  t h e  preliminary G f i e l d .  The cont ro l  gage readings a r e  s tored  
by the computer f o r  fu ture  use, The preliminary G f i e l d  provides a 24-hour 
est imate o f  p rec ip i t a t i on  f o r  each c e l l  i n  t he  s t a t e  f o r  t h e  period from 7 a.m. 
t o  7 a.m. EST C1200Z t o  12002,) 
Hourly d i g i t n l  IR imagery f o r  t he  24-hour period is received v i a  auto-dial  
from the NMC data  tank, The mini-computer assigns an hourly p rec ip i t a t i on  
estimate t o  each c e l l  i n  Virginia ,  using the  curve r e l a t i n g  cloud top  
temperature t e  p r s s i p i t a t i e n *  The hourly p rec ip i t a t i on  estinrtttes a r c  sumed 
by the comptuer t o  provide a 24-hour t a t a i  $or each c e l l .  This is  the wre- 
limknarv Q f i e l d .  
Each observed gage measurement is considered ground t r u t h  f o r  the  9 .7  by 6.2 
km c e l l  i n  which the  gage is located. This observed value overr ides  any 
estimate based on the  s a t e l l i t e  data  i n  t h a t  c e l l .  Therefore t he  computer 
compares t he  observed amount a t  each ana lys is  s t a t i o n  with the  s a t e l l i t e  (Q) 
estimate f o r  t h a t  c e l l ,  the difference being t h e  e r r o r  i n  the Q f i e l d  i n  
t h a t  c e l l .  An e r r o r  f i e l d  f o r  Q i s  then obtained by in te rpola t ion  between 
a l l  ana iys i s  s t a t i o n s ,  but not the  control  s t a t i o n s .  This e r r o r  f i e l d  is  
-
used t o  modify a l l  c e l l s  i n  the  Q f i e l d .  These modified c e l l s  comprise the 
Qa f i e l d ,  o r  the adjusted s a t e l l i t e  f i e l d .  
Fbr example, suppose t h a t  c e l l  A Lies somewhere between c e l l s  B,  C ,  D and E ,  
which contain ana lys is  s t a t i o n s  (see Figure 3 - 4 . )  To obtain the probable 
e r r o r  i n  t h e  Q f i e l d  a t  c e l l  A,  the  Q f i e l d  e r r o r s  a t  B,  C ,  D and E a r e  
given weights i n  proportion t o  the inverse (reciprocal)  of t h e i r  respect ive 
dis tances from A. Distances between c e l l s  a r e  measured from c e l l  cen ter  t o  
c e l l  cen ter .  Say t h a t  B l i e s  50 km southwest of A; C l i e s  40 km westnorth- 
west of A; D i s  70 km north of A; and E is 60 km e a s t  of A. We'll asr-une 
t h a t  no o the r  ana lys is  s t a t i o n  l i e s  within 100 km of A (the technique's 
a r b i t r a r y  cut-off  dis tance f o r  influence.) The inf luence B exe r t s  on A 
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Figure 3-5. Interpolation Procedure u used to  Derive G Field 
is  proport ional  t o  t h e  inverse of the distance from A t o  B; t h a t  i s ,  t h e  re- 
c iprocal  of 50, o r  0.02, C f s  influence i s  the  rec iprocal  o f  40, o r  0.025. 
Dl s influence Is 0,014, and E's influence i s  0.017. The t o t a l  influence is 
t h e i r  sum, which i t  0,076, This assigns B 26% of t h e  weight, C 33%, D 198 
and E 22%. If the  Q e r r o r  a t  B is ,  say, -0,97, a t  C i s  -0.30 inch,  a t  D i s  
+0.60 inch, and a t  E i s  zero, then B w i l l  cont r ibute  -0,252 inch t o  the  e r r o r  
a t  A D  C w i l l  cont r ibute  -0.099 inch, D w i l l  cont r ibute  +0.114 inch,  and E 
w i l l  contr ibute zero, The algebraic sum is  -0.237, o r  -0.24 inch, the  pro- 
bable  e r r o r  i n  t h e  Q f i e l d  a t  A. If the  Q value a t  A i s ,  say ,  1.12 inches,  
then the Qa value a t  A w i l l  be 1,36 inches. 
A t  t h i s  point  t h e  computer could perform t h i s  adjustment o f  the  Q est imates 
f o r  each c e l l  i n  the  s t a t e  t o  derive t h e  Qa f i e l d ,  but  i n  p r a c t i c e  it now 
makes the adjustmenr a t  the control  s t a t i o n  only. Note t h a t  the Qa value a t  
each analysis  s t a t i o n  w i l l  equal the observed gage measurebent, but  t h a t  Qa 
w i l l  r a re ly  equal t h e  gage measurement a t  each control  s t a t i o n .  
?he next s t ep  i s  t o  derive the  Qm f i e l d .  The computer perfonns this task  by 
taking the mean of G and Q values i n  each c e l l .  However, at each ana lys i s  
s t a t i o n  the  gage reading w i l l  override any d i f fe r ing  Q value  i n  t h a t  c e l l .  
That is ,  i n  each analys is  gage c e l l ,  G=QaQm, 
The Qam f i e l d  i s  derived i n  t h e  same way, by determining t h e  mean between t h e  
G and Qa values i n  each c e l l  i n  tha t  s t a t e .  
For v e r i f i c a t i o n ,  an e r r o r  i s  computed fo r  each f i e l d  a t  each of t h e  control  
s t a t i o n s ,  The e r ro r s  f o r  each f i e l d  a re  summed, and t h e  f i e l d  with the  l e a s t  
absolute e r r o r  i s  chosen as the  "best1' p rec ip i t a t ion  f i e l d  f o r  t h e  24-hour 
period i n  question. 'i'his i s  s t i  a preliminary f i e l d .  I t  must now be 
adjusted by means of a control  gage readings, which up t o  t h i s  point  have 
not  been used i n  any of the analyses, t o  get the f i n a l  o f f i c i a l  p rec ip i t a t ion  
f i e l d  f o r  t h e  day. 
The example i n  Figure 3-4 i s  fur ther  expounded i n  Figure 3-5. Hypothetical G 
and Q values have been entered a t  points  B ,  C ,  D and E,  and a re  compatible 
with tha e r r o r s  i n  Q shown i n  Figure 3-4 .  Multiplying t h e  G values,  i . e .  
1.60, 1.40, 0.80 and 0.88 by 26%, 33%, 19% and 22%, respect ively ,  and 
summing, we get  an in terpola ted  G estimate, Gi ,  of  1.22 inches a t  A. The 
Qm estimate a t  A is  t h e  mean of the  G and Q values,  o r  1.17 inches. ??le Qam 
es t imate  is  t h e  mean of t h e  G and Qa values,  or  1.29 inches.  (Note t h a t  G 
and Qa do not have t h e  same value a t  A, s ince  G i s  merely i n t e r p a l a t e d ,  
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not ground t ru th .  Also note t h a t  Q a t  'point A Es not an in te rpola t ion  of 
the  Q values a t  B, C, D and E, since it has been derived dkrectly f r o q t h e  
s a t e l l i t e  imagery,) 
Assume t h a t  point A i s  a control s ta t ion .  In t h i s  event, the  measured amount 
a t  A is ground t r u t h  and w i l l  be w e d  t o  determine the  e r r o r  a t  A of each 
estimate f ie ld .  The estimates, of course, w i l l  have no influence on the  
observed amount. In our example, i f  the  observed prec ip i ta t ion  a t  A is l.32 
inches, then the e r ro r s  a re  GI-0.10, Q=-0.20, Qm=-0.,15, Qa=+0.04, and Qam=-0.03 
insh . 
The computer compares the  estimate obtained by each of the five methods a t  
each control point with the  corresponding gage measurement and computes the 
correla t ion coeff ic ient ,  R ,  f o r  each method. Normally the method with t he  
smallest t o t a l  absolute e r ro r  w i l l  have the highest cor re la t ion  coe f f i c i en t ,  
but when two methods a re  v i r tua l ly  equal i n  l ea s t  t o t a l  absolute e r r o r ,  R 
may be used as a t ie-breaker.  
SECTION 4 - CRITIQUE OF AUTOMATED TECHNIQUE 
The temperature of  c loud tops  depic ted  i n  i n f r a r e d  s a t e l l i t e  imagery accounts  
f o r  some of t h e  v a r i a b i l i t y  i n  p r e c i p i t a t i o n  under t hose  clouds.  A scheme 
which at tempts  t o  es t imate  p r e c i p i t a t i o n  from cloud t o p  temperature a lone  
s u f f e r s  from g r e a t  over -s impl i f ica t ion  and crrn a t t a i n  only l i m i t e d  suqcess .  
A l t e rna t ive ly ,  t h e  inc lus ion  of  o the r  parameters (not i nc lud ing  observed r a i n -  
f a l l )  mrnpl ica te r  t h e  procedure, n e c e s s i t a t i n g  e i t h e r  more conplsx computer 
modelling o r  t h e  se rv i ces  of  an on-the-job s a t e l l i t e  m e t e o r o l o g i ~ t .  The 
meteorologis t  would t ake  cognizance of  the  fol lowing r u l e s ,  among o t h e r s :  
[l) S h i e l d s  of c i r r u s  and c i r r o s t r a t u s  a r e  cold,  bu t  taken a lone  
produce no p r e c i p i t a t i o n ,  
(2) In t h e  convective regimes of  warm weather,  thunderstorms and heavy 
r a i n  tend t o  be concentrated i n  t h e  sharp ly  defined upwind ( a t  c i r r u s  l e v e l )  
p o r t i o n  of t h e  cold cloud mass r a t h e r  than i n  t h e  f i lmy i l l - d e f i n e d  downwind 
p o r t  %an_, 
G) Convective c e l l s  a r e  o f t en  embedded i n  synopt ic -sca le  systems,  
p a r t i c u l a r l y  i n  co lde r  months, bu t  a r e  detectod only with d i f f i c u l t y  by t h e  
s a t e l l i t e  meteoro logis t .  
(4) Heavier p r e c i p i t a t i o n  g@nera l ly  occurs i n  t h e  c o m a  cloud,  i n  a r eas  
oE maxi-mum p o s i t i v e  v o r t i c i t y  advect ion,  and near  t h e  i n f l e c t i o n  p o i n t  of  t h e  
j e t  stream over  o r  near  a f ron t  a s  de l inea ted  i n  t h e  s a t e l l i t e  imagery. 
C5) On occasion the  co ldes t  clouds over t h e  s t a t e  w i l l  be non-prec ip i -  
t n t i n g  deb r i s  from o ld  systems, while somewhat warmer clouds a r e  producing 
copious r a i n  o r  snow. 
The e s p e r t i s e  of a t r a ined  s a t e l l i t e  meteorologis t  on a cont inuing  b a s i s  i s  
requi red  t o  recognize and cope with s i t u a t i o n s  such a s  t hose  r e f e r r e d  t o  i n  
t h e  above examples. I t  i s  with t h i s  i n  mind t h a t  we should e v a l u a t e  any 
shortcomings o f  t he  automated technique,  which does have t h e  decided advan- 
t a g s  of r equ i r ing  no exper t  input .  
hl&sing d a t a ,  and garbled da t a  received by au to-d ia l  from t h e  NMC computer, 
have plagued t h e  inves t iga t ion  and may well  plague opera t ions  i n  f u t u r e ,  
&Fifteen out  o f  24 hours of da t a  were missing during t h e  storm o f  Flarch.5-6, 
1981, and 14 hours  were missed during t h e  September 17-18, 1980 storm. 
(see Table 4-11 In t e rpo la t ion  algorithms a r e  f a i r l y  r e l i a b l e  when a s i n g l e  
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Table 4-1; : 
Storm Date 
1980 
A u ~  15-16 
Ssp 9-10 
Sep 16-17 
Ssp 17-18 
Ssp 24-25 
Stp 25-26 
Oct 24-25 
Nov 15-16 
Nov 17-18 
Dtc 9-10 
1981 
Mar 4-5 
Mar 5-6 
Mar 16-17 
Mar 22-23 
Mar 29-30 
Mar 30-31 
Apr 14-15 
May 15-16 
May 18-13 
May 19-20 
Jul 21-22 
Pixel S h i f t ,  Observed Storm Total  ( ,Prec ip i tat ion) ,  and Number 
of Control Stat ions ,  Analys i s  S t a t i o n s  and Missing Hours o f  
S a t e l l i t e  Data f o r  Stonns o f  1980 and 1981 
Pixe 1 Storm Control Aru lys i s  Missing 
Shi f t  Total# S t a t i o n s  S t a t i o n s  Hours 
# Inches. *Overall mean s h i f t .  
hour of d a t a  i s  missing, A p t ~ r t i c u l a r l y  unsa t i s fac to ry  s&tulati,on i s  severa l  
I; hours of missing data a t  t h e  vary  beginning o r  end o f  t h e  day, with no anchor 
po in t  for t h e  i n t e r p o l a t i o n ,  Racantly recept ion  has improved, bu t  t h r a a  oF 
four  missing hours per  day is not  unccmiioil, Garbling, a very  se r ious  problem 
i n  t h e  onrby s t ages  e f  tho  invastigatalon, has been noarXy allitni,natad. 
The d i g i t a l  imagery racoivad v i a  auto-dia l  cons i s t s  c$E ar a r r a y  of  129 by 129 
p i x e l s ,  'I'tro p i c t u r a  c o ~ r t o r  ( the  65th p i x e l  of t ho  Clitlr row) is supposud t o  
be a t  39' n s r t h  l a t i t u d e ,  79' west lowgituda, about f i v o  ki lomatcrs  southwest 
o f  Brook~roar , Virginia ,  Cloud f ea tu res  i n  ~i?tutkl s a t a l l i t o  EX8 photogmphs 
(Figure 4-11 ware c e r a f u l l y  compared with t h e  corresponding f e a t u r e s  i n  tho 
d i g i t a l  imngsry occossatf by auto-dia l  (Figure 4-L) In 1 3  storms occurring 
botweon Ailgust 1980 and March 1981, goographicol locat ion  of tlro clouds was 
somcswhat d i f f e r e n t  i n  tlro twa typos of imogepy. Pn gonernl it was nocossary 
t o  ddft tha  d i g i t a l  p i x o l s  t o  t h e  north t o  br ing  cloud p a t t e r n s  i n t o  l i n e  
with t l l a l r  counterpar ts  i n  tho B I R  photographs. Pirt anothor way, i t  was 
necessary t o  examine p ixo l s  t o  t h e  south oE tho 65th pixel, o f  tho  65th row 
t o  f ind  clouds ovar 3 7 O  noutlr, 79' west [pictusa contor) ,  Tho a c t u a l  shift 
of t h e  s t a t i o n s  varied f r o ~ ~ r  stornl t o  s t o m ,  and even f ~ u m  hour t o  hour, but  
lnveragod two pixols  s a u t l ~  and almost one-half p i x e l  wnst f o r  a l l  cases ,  
Ttrat i s ,  ins tead  of  looking f o r  tho cloup top  temperature over Richmond a t  
tho  88th pixol  i n  tho  59th row (tho ~\oml.ntll pos i t ion  fox Richmond) we should 
expect it i n  tlra 88th p i x e l  (or porhaps t h e  89th) i n  tho Clst row, Wo hnva 
no t  found t h e  ronson f o r  t h i s  s h i f t ,  but  NMC i s  awnro of it and is attempting 
t o  solvo thc problem. 
Figura 4-1 i s  t h e  BTR photograph taken by tho  geostat ionary s a t o l l i t o  a t  
03002 August I f ,  1980, showing cloud fontiixos i n  relation t o  googxqlricnl 
landmarks, Figure 4-2 i s  tho  corresponding cl igi tal  imngory f o r  03002 August 
16, 1980, accctssod by unto-clial, Careful oxamination of  clouds i n  r a l c t i o n  
t o  lnndlnerks shows t h a t  cosroct ions i n  r e g i s t r o t i o n  must bo ~nnda i n  thu 
d i g i t a h  product t o  b r ing  it i n t o  aliprmont with tlro BIR photograph ( \~hich has 
been q u i t e  nccurntcly rogis tarod by t he  National Environmental S a t e l l i t e  
Sorvico) . 'Ureso corrac t ions  a r c  indicntod i n  Tnble 4-2. 17ra s h i f t  column 
shows tho d i r e c t i o n  of the  e r r o r .  Tho cosroctiorr must $0 mads i n  t h a  opposi to 
d i r e c t i o n ,  
f " 
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Figure  4 - 1 .  E I R  l'hotogrnph taken  a t  03001 A u ~ u s t  16, 1980 
showing Cloud Fenturcs  i n  R e l a t i o n  t o  1,andrnnrks 

Table 4-2. Appuent Shift in Lurdmark Posit ions i n  Digi ta l  
'Imgery for  03002 August 16, 1980 
Nominal Position 
Row Column 
Southeast corner 70 109 
of Virginia 
Cape Charles 
Co-er west of 
Charlotte,  NC 
Comer west of 
Laurenburg, NC 
Observed Posit ion 
Row Column 
Southwest corner 48 112 
of Delaware 
Mean Sh i f t  
Similar s h i f t s  were determined f o r  the imagery f o r  20002, 21002 and 22002 of 
Aunust 15, 1980, and fo r  00002, 01002, 02002, 04002 and 06002 of August 16, 1980. 
The average s h i f t  f o r  the  storm day was 3 south 1 eas t .  Four addit ional land- 
marks were used i n  the  f u l l  day analysis :  the  southwest t i p  of Maryland (row 
39/column 58);  the  junction of Ohio, Kentucky and West Virginia (row 4 8 / c o l m  
13); the  junction o f  Virginia,  Tennessee and North Carolina (row 6l/column 26);  
and Picture Center (row 65/column 65). 
Another source of possible emor ,  which applies equally t o  the  E I R  photographs 
and the d i g i t a l  imagery, is  parallax due t o  the angle a t  which t h e  s a t e l l i t e  
over the equatos a t  75' west longitude photographs the clouds. A 40,000 foot 
cloud top over Virginia appears t o  be about: 6.5 nautical  miles north of i t s  
t r u e  posit ion.  A 30,000 foot cloud top has an apparent displacement of 5.3 
naut ical  miles, o r  9.8 km, the  north-south dimension of a pixel  i n  the  l a t i t ude  
of Virginia. The computer program ca r r i e s  a correction f o r  t h i s  paral lax 
phenomenon. 
SECTION 5 - ANALYSIS OF EXPERIMENTAeJ? STOWS OF 1930-81 
The automated technique 'as t e s t e d  on 21 storms which occurred i n  1980 and 
1981, Composite scores  f o r  these  storms a r e  shown i n  Table 5-1, The scores  
a t t a i n e d  by each o f  t h e  f i v e  methods a r e  tabula ted  i n  Tables 5-2 through 5-22.  
Table 5-23 shows how frequent ly  each method had t h e  h ighes t  c o r r e l a t i o n  co- 
e f f i c i e n t  (estimated vs observed p r e c i p i t a t i o n ) ,  t h e  l e a s t  mean absolute  e r r o r ,  
and t h e  l e a s t  mean a lgebra ic  e r r o r  (overestimates and underestimates).  The G 
method makes t h e  h ighes t  scores overa l l ,  somewhat b e t t e r  with t h e  o ld  curve 
(cloud top temperature vs p rec ip i t a t ion)  than with t h e  new curve. The Qam 
method does well i n  l e a s t  mean absolute e r r o r ,  p a r t i c u l a r l y  with t h e  new curve. 
Qa scores well i n  b i a s  (mean a lgebra ic  e r r o r ) ,  leading on s i x  storms (29 
percent)  with each curve. 
While the  technique i s  designed primari ly t o  es t imate  growing season r a i n ,  
most of it convective i n  nature,  only f i v e  o f  t h e  21 storms i n  t h e  study were 
t y p i c a l  airmass storms. The remaining 16 were associa ted  with f r o n t s  and 
synoptic-scale low pressure systems. Appendix B gives a b r i e f  desc r ip t ion  of 4 
t h e  synoptic s i t u a t i o n  f o r  each of the  storms. 
The o r ig ina l  computer program was completed and the  l i n k  with NMC's computer 
was es tabl i shed i n  August 1980. Four summer storms were accessed and analyzed 
between August 15 and September 21, 1980. Among these  the  llstonn'l of 
September 16-17 produced very l i t t l e  r a in .  Subsequently s i x  storms i n  autumn, 
t h r e e  i n  winter  and seven i n  spr ing  were s tudied .  Storms over Virgin ia  were 
scarce  i n  t h e  summer of 1981, and the  storm of Ju ly  21-22, 1981 alone was 
accessed and analyzed. Only 17 contro l  s t a t i o n s  and 29 analys is  s t a t i o n s  were 
ava i l ab le  f o r  t h i s  storm; the  r e s u l t s  the re fo re  should be viewed with caution.  
In view of t h e  s c a r c i t y  of summer a i m a s s  storms during t h e  experimental 
period from August 1980 t o  J u l y  1981, the  uniform r a i n f a l l  p a t t e r n s  observed 
should not be surpr is ing .  A good example of  uniform d i s t r i b u t i o n  i s  the  
weak storm of April  14-15, 1981. (See Figure S - I . . )  Heaviest r a i n  i n  Virgin ia  
(one-half t o  three-quarters  of an inch) occurred i n  an e l i p t i c a l  a rea  
extending between Trout Dale and H i l l s v i l l e  i n  the  southwest p a r t  of t h e  
s t a t e .  Most o ther  sec t ions  had between 0 .1  and 0.4 inch,  and only th ree  
repor t ing  po in t s  had no ra in .  Whenever such uniformity p reva i l s  t h e  i n t e r -  
pola t ion  algorithm incorporated i n t o  the  program makes t h e  "gages onlyu 
r o u t i n e  hard t o  beat  by any s a t e l l i t e  method. 
Figure 5-1. Precipitat ion Pattern on April 14-15, 1981 
Table 5-1, Composito Scores for each Method f o r  21 Storms i n  1980-81 
Q G Qa Qm Q= 
Old Curve 
Mean Absolute 0.525 0,123 0,181 0.295 0.145 
-Error (inches) 
Mean Algebraic +O ,510 +O ,004 +O ,043 - +O.  157 +O ,024 
Error Cinches) 
New Curve 
Mean Absolute 0.547 
Emor Cinches) 
Mean Algebraic +O. 428 
E n o r  (inches) 
N11062. Best scores underlined. 
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Tabla 5-2. Scoras f o r  Storm August 15-16, 1980 
Q G Q. @ Q!-d Curve 
Correlatf  on 0.687 0.836 0.800 0.768 
Coefficient 
Me- Absolute 0.259 0,093 0.110 0.  159 
Ezmr* 
Moan Algebraic +O .206 -0.001 +O. - 037 +O. 103 
Emor* 
New Curve 
Correlation 0.715 0.836 0,771 0.788 
Coefficient 
Mean Absolute 0.411 0.093 0.116 0.229 
Error* 
Mean P.lpebrais +O , 443 -0,002 +O .02S +O ,201 
Errora 
N-47. Mean Rain a t  Control Stat ion:  0.162 inch. "Inches. 
Table 5-3. Scores f o r  Storm September 9-10, 1980 
Q e Qa Qm 
Old Curve 
Come la t ion  0.466 - 0.832 0.624 3.687 
Coefficient 
Mean Absolute 0.214 - 0.056 0.089 0.225 
Error* 
Mean Algebraic +O. 170 -0.020 +O. - 001 to .  075 
Error* 
New Curve 
Correlation 
Coefficient 
Mean Absolute 0.240 - 0.056 0.077 0.141 
Ermr* 
Mean Algebraic +O ,201 -0.020 -0.007  +Q. 090 
Error* 
N-51. Me= Rain a t  Control Stat ions : 0.093 inch. +Inches. 
Table 5-4. Scores f o r  Storm September 16-17, 1980 
Q G Qa Qm 
Old Curve 
Correlatfon -0.087 - 0.452 0.077 -0.028 
Coeff icient  
Mean Absolute 0.024 0.006 0.013 0.015 
- 
Error* 
Mem Algebraic +O. 015 -0.002 +O, 004 +O ,006 
Error* 
New Curve 
Correlat ion 
Coeff icient  
Mean Absolute 
Error* 
Mean Algebraic *O, 065 
Err==* 
N=52. Mean Rain a t  Control S ta t ion :  0.005 inch,  *Inches, 
Tabla 5-5.  Scores f o r  Storm September 17-18, 1980 
Q G Qa Qm Qam 
Old Curve 
Correlation 
Coeff icient  
Mean Absolute 0.351 0,. 227 0.232 0.260 0.229 
Error* 
Mean Algebraic -0.307 -0.051 -0.060 -0.179 -0.055 
Error* 
New Curve 
Correlat ion 
Coeff icient  
Mean Absolute 0.316 0.227 0.229 0.251 0.228 
-
Error* 
Mean Algebraic -0.246 -0.051 -0.057 -0.148 -0.054 
Error* 
N=56, Mean Rain a t  Control S ta t ions :  0.364 inch. *Inches . 
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Table 5-6. Scores f o r  S tom September 24-25, 1910 
Q G 
Old Curve 
Q. Q1P 
Correlation 
Coefficient  
Mean Absolute 
E m r *  
Morn Algebraic 
Error* 
New Curve 
Correlation 
Coefficient 
Mean Absolute 
Error* 
Mean Algebraic -0,112 -0,031 -0.022  -0,071 
ErrorL 
N-56. Mean Rain a t  Control Stat ion:  0.484 inch. * 3nChes. 
Table 5-7, Scores f o r  Stozm September 25-26, 1980 
Q G Qa Qm 
Old Curve 
Correlation 
Coefficient  
bfean Absolute 
Error* 
Mean Algebraic +1.013 +O - .010 +O ,037 +O. 512 
Error * 
New Curve 
Correlation 
Coefficient  
MOM Absolute 1.154 0.071 0.089 0.582 
-
Error* 
Mean Albebraic +l. 154 +0 ,010 +O, 022 +Q. 582 
-
Error* 
N-53. Mean Rain a t  ControL Stat ions:  Q ,068 inch. *Inches. 
Table 5-8. Scores f o r  Stonn October 24-25, 1980 
Q G Qa Qm 
Old Curve 
Corre la t ioa  0.429 0.  S7S 0,575 0,556 
Coef f ic ien t  
Mean Absolute 0.504 - 0,268 0,288 0.316 
Error * 
Mean Algebraic -0.282 +O - ,054 +0.075 , -0.114 
Error* 
New Curve 
Correlat ion 0.456 0.575 - 0.590 0,578 
Coef f ic ie i r t  
Mean Absolute 0.377 0.269 0.275 0,289 
Error* 
Mean Algebraic -0.106 +O. 054 +O. 077 -0.026  
Error* 
N49.  Mean Rain a t  Control S ta t ion :  0.839 inch. *Inches. 
Table 6-9. Scores for Storm November 15-16, 1980 
Q G Qa Qm 
Old Curve 
Correlat ion 0.111 - 0.530 0,240 0.148 
Coeff ic ient  
Mean Absolute 0,457 - 0.060 0.304 0.247 
Error* 
Mean Algebraic +O. 340 +O - ,002 0.237 +O. 171 
Error * 
New Curve 
Correlat ion 
Coeff ic ient  
Mean Absolute 0.884 - 0.060 0.337 0.446 
Error* 
Mean Algebraic +O. 884 +U -- .002 +O ,269 +O. 443 
Error * 
?4=48. Mean Rain a t  Control S ta t ions :  0.119 inch.  * f nches . 
Table 5-10. Scores for  Stom November 17-18, I980 
'a G Qa 
Old Curve 
Qm 
Corre la t ion  
Coeff ic ien t  
Mean Absolute 0.477 
E m r *  
Mean Algebraic -0.428 +0.018 +O ,031 
E m r *  
New Curve 
Corral  at  i on 
Coeff ic ien t  
Mean Absolute 
Error* 
Mean Algebraic -0.135 
Error* 
N=52. Mean Rain at Control S t a t ion :  0.764 inch. * Inches. 
Table 5 - 1 1  Scores f o r  Storm December 9-10, 1980 
Q G Qa m 
Old Curve 
Corre la t ion  -0.089 - 0.197 0.078 -0.056 
Coeff ic ien t  
Mean Absolute 1.663 0.096 0.213 0.836 
-
E m r *  
Mean Algebraic +lo 663 +O .009 +O. 061 +O .836 
-
Error* 
New Curve 
Correlat ion 
Coeff ic ien t  
Mean Absolcre 1.638 
Error* 
Mean Algebraic +l. 638 +O ,009 +O. 041 +O. 824 
-
E r r o r *  
N=53. Mean Rain at  Control S t a t ions :  0.212 inch. Inches. 
5-8 
Table 5-12, Scores for Stom March 4-5, 1981 
Correlation -0,027 0.726 0.207 0.063 
-CoeEf icient 
Mean Absolute 
Errorc 
Mean Albebraic +1.112 
Error* 
New Curve 
Correlation 
Cocf ficient 
Mean Absolute 
Error* 
Mean Algebraic t1.205 +O. 007 +O. 362 t o .  606 +O. 184 
-
N 4 7 .  blenn Rain at  Control Station: 0.448 inch. *Inches. 
'Table 5-13 Scores for Storm March 5 - 6 ,  1981 
Q G Qa Qm 
Old Curve 
Correlation 0.257 0.532 0.545 0.564 
Coefficient -
btem Absolute 0.041 0.046 0.045 0.033 
-Erro r*  
Mean Algebraic -0. Q38 +O.027 +O ,025 -0.005 
Error* 
New Curve 
Correlation 
Casff ie ient  
bfean Absolute 
Error* 
Mean Algebraic +O, 134 +0.027 +O.  026 
-
t0 .081 
Error * 
NmSSv Mean Rain at  Control Stations: 0.041 inch. *Inches, 
Table 5-14. Scores for Storm Much 16-17, 1981 
Q G Q. Qm 
Old Curve 
Come l a t i o n  
Coeff i c i s n t  
Mean ,;5solute 
Error* 
Man Algebraic -0.004 -0.005 +O . 00s -0.005 
Emor* 
New Curve 
Corre la t ion  
Coeff ic ien t  
Mean Absolute 
Error  * 
Mean Algabraic +O. 299 -0.005 
 
-0.00s 4.147 
N-SO. btem Rain a t  Control S t a t ion :  0.097 inch. +Inches. 
Table 5-15. Scores f o r  Storm March 22-25, 1981 
Q G Qa Qm 
Old Curve 
Correlat ion 
Coeff ic ien t  
hiean Absoluta 
Error : 
Mean Algebraic C1.647 +O. 062 +QdsL- +O. 854 
Error  : 
New Curve 
C o n e l a t i o n  -0.022 0.805 0.799 0,598 
Coef f i c i e n r  
Mean Absolute 1.330 0.148 0.150 0.699 
Error  : 
Mean ~ 1 g e b r a . i ~  +1.330 +O ,062 +O. 051 
-
+O ,696 
N=S3. Mean Rain a t  Control S t a t ions :  0.477 inch.  *Inches. 
Table 5-16. Scores fo r  S t o m  March 29-30, 1981 
Q G Qa Qm 
Ofd Curve 
Correlat ion 
Coeff icient  
Mean Absolute 1.022 
Emor* 
Mean Algebraic +1. 012 -0.052 +O. - 004 +O .480 
New Curve 
Correlat ion 
Coeff icient  
Mean Absolute 
Error* 
Mean Algebraic +1.054 -0.052 -0.020 +0.501 
Error* 
N-51. Mean Rain a t  Control S ta t ions :  0.196 inch. * Inches. 
Table 5-17. Scores f o r  S t o n  March 30-31, 1981 
9 G Qa Qm 
Old Curve 
Correlation 0.170 
Coeff icient  
Mean Absolute 0.475 
Error : 
Mean Algebraic +O. 413 
Error : 
New Curve 
Correlat ion 0.284 
Coefficieil t  
blean Absolute 0 . j 88  
Error* 
Mean Algebraic +O. 312 
Error* 
N=S 1. Mean Rain a t  Control S ta t ions :  0.435 inch. *Inches. 
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Table 5-18. Scores f o r  Stonn April 14-15, 1981 
Q G 
Old C m e  
Q. Qm 
C o m l a t  ion 0.274 -I 0.565 0.434 0.450 
Coeffgcient 
Mom Absolute 0.213 0.112 ' 0.144 
-
0.142 
Emr* 
Mean Albebraic +O ,039 -0.012 -0.008  +O. 014 
ErTor* 
New Curve 
Come l a t i o n  
Coefficient 
Mean Absolute 0,268 - 0.112 0.131 0.176 
E m r *  
Mean Algebraic +O ,204 -0.012 -0.013 +O ,096 
E n o r b  
N=53. Mean Rain a t  Control Sta t ion:  0.234 inch. *Inches. 
Table S-19. Scores f o r  Stonn May 15-16, 1981 
Q G Qa Qm 
Old Curve 
Correlation 
Coefficient 
Mean Absolute 0.067 0.067 O.OS9 0.055 
Error* 
Mean Algebraic -0.062 +O .003 -0.005 -0.029 
Emor" 
New Curve 
Come l a t i o n  0.624 0.620 0.716 - 0.718 
Coefficient 
Mean Absolute 0.064 0.067 - 0.057 0.058 
Error* 
Mean Algebraic -0.051 +O. - 003 -0.008 -0.024 
Ermr* 
N=53. Mean Rain a t  Cantrol Sta t ions :  0,096 inch. *Inches. 
Table 5-20. Scores f o r  Stonn May 18-19, 1981 
' z *  
Q G Qa QA\ 
Old Curve 
Corre la t ion  0.498 0.544 0.588 0.585 
Coef f ic ien t  
Mean Absolute 0.310 0.208 0.213 0.221 
Error* 
Mean Algebraic +O .049 
Error* 
New Curve 
Correlat ion 0.556 0.544 0.625 - 0.634 
Coeff ic ient  
Mean Absolute 0.326 0,208 0.197 0.237 
Error* 
Mean Algebraic +0,268 +Be - 040 +Q,  052 +0,154 
Error* 
N=S3. Mean Rain a t  Control S ta t ion :  0.597 inch.  *Inches. 
Table 5-21, Scores f o r  Storm May 19-20, 1981 
Q G Qa 9m 
Old Curve 
Correlat ion 0.483 0.559 0.570 - 0.628 
Coef f ic ien t  
Mean Absolute 0.143 0.119 0.148 - 0.108 
iirror* 
Mean Algebzaic -0.063 +O ,020 -0.022 
-
+O. 067 
Error* 
New Curve 
Correlat ion 0.327 0,559 0.572 - 0.585 
Coeff ic ient  
Mean Absolute 0.182 0.119 0,128 0.124 
Error* 
Mean Algebraic +O. 137 +O. - 020 +O. 040 +O.  075 
Error* 
N=53. Mean Rain a t  Control S ta t ions :  0.499 inch.  *Inches. 
Tabla 5-22* Scores for Stom July 21*22, 1981 
Q G Qa Qm 
Old Curve 
Correlation 
Coefficient 
Mean Absolute 
E m r *  
Mean Algebraic +O .174 
Error* 
New Curve 
Correlation 0.359 0.788 0.486 0 .  SO9 
-Coeff ic ient  
Mean Absolute 0.281 0.138 0.183 0.185 
- Error* 
Mean Algebraic +O. 171 
Error* 
Na17. Mean Rain at Control Stat ion:  0.158 inch * Inches. 
Table 5-23.  Best Score Frequencies, Storms of 1980m1981 
Q G Qa Qm Qa 
Old Curye 
Highest Correlation 0 14 1 3 3 
Copfficient 
Least Mean 0 16 0 3 2 
Absolute Error 
Least Mean 0 11 6 .  1 3 
~ l g e b r a i c  Error 
New Curve 
Highest Correlation 0 
Coefficient 
Least Mean 
Absolute Error 
Least Mean 
Algebraic 
* Includes t i e s  
P r e c i p i t a t i o n  f o r  t h e  storm of Wrch 4 4 ,  1981 was more than double t h a t  
. f o r  Apri.1 14-15. Again t h e  d i s t r i b u t i o n  was q u i t e  uniform. CSee Figure 
5-2.) The G method e a s i l y  beat  t h e  s a t e l l i t e  methods i n  t h i s  s tonn.  
The storm of October 24-25, 1980 was f a i r l y  uniform, but  t h e r e  were d e f i n i t e  
exceptions. (See Figure 813.  J Deerfield (0 .OS inch) is  surrounded by s t a t i o n s  
with 0,54, 0.54 and 1.22 inches. Free Union C0.10 inch) is sumundeCln by 
s t a t i o n s  with 0.54, 1.27, 0.91, 1.10, 1.33 and 2.08 inches. Qam verified 
b e s t  i n  t h i s  st-om. 
The storm of August 15-16, 1980 demonstrates t h e  i r r e g u l a r  p a t t e r n s  o f  summer. 
(See Figure 5 -4 . )  Thunderstorms i n  southeastern Vi rg in ia  and t h e  Eas te rn  
Shore brought more than an inch i n  many p laces ,  and 4.13 inches  t o  Norfolk. 
A gage near Vi rg in ia  Beach received s i x  inches i n  l e s s  than two hours.  
S ign i f i can t  r a i n  occurred i n  i r r e g u l a r  pa t t e rns  i n  nor thern  and nor th  c e n t r a l  
Virginia ,  but  most of  the  James River Basin above Richmond got  no r a i n .  The 
highes t  scores  i n  t h i s  storm were made by Qam. Thus, as  t h e  rainfall p a t t e r n s  
become more i r regular ,  the  s a t e l l i t e ' s  contr ibut ion to t h e  technique increases 
s i g n i f i c a n t l y .  
Overal l  t h e  h ighes t  co r re la t ions  were obtained i n  t h e  summer storm of August 
15-16, but R was a l s o  r e l a t i v e l y  high i n  t h e  storms of September 9-10, 1980 
and May 15-16, 1981. The poorest  co r re la t ions  occurred on December 9-10, 
September 16-17, and September 25-26 ( a l l  1980). S i g n i f i c a n t l y ,  t h e  mean of  
a l l  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  Q, Qa, Qm and Qam f o r  t h e  c o l d e r  p e r i o d  from 
September 16 t o  March 17 is  a poor 0.300, while f o r  t h e  warmer p e r i o d  from 
March 22 t o  September 10 t h e  mean i s  0.560 [not t h a t  these  d a t e s  a r e  i d e a l  
c u t o f f s  between warm and cold weather, but  they do d ramat ica l ly  s e p a r a t e  t h e  
lower scores from t h e  h igher , ]  These statements hold t r u e  r e g a r d l e s s  of which 
temperature vs  p r e c i p i t a t i o n  curve is  used. For t h e  G method, however, 
- 
R = 0,520 durfng t h e  co lde r  period,  and ff = 0.675 during the wanner pe r iod .  
ln t h e  colder per iod t h e  G method has t h e  h ighes t  R value  i n  73 percen t  of 
t h e  storms whel, t h e  o ld  curve is  used, and i n  82 percent  o f  t h e  storms when 
t h e  new curve i s  used. In  t h e  warmer period G has t h e  h ighes t  R i n  60 percent  
of t h e  storms with t h e  o l d  curve, and only 40 percent  with t h e  new curve. 
In o t h e i  words, t h e  G method appears t o  be f a i r l y  r e l i a b l e  throughout t h e  
year ,  while t h e  methods involving s a t e l l i t e  da ta  a r e  competi t ive i n  t h e  
warmer months but suspect  i n  t h e  colder. 
I:i gurc 5-2.  I'rccipi ta  tion Pattern on )r(3rcIb 4-5, 1981 
a Daily Reporting Analysls Gaoes 
o Delayed Analysls Gages 
A Delayed Control G a ~ e s  
ORIGIblAL PAGE IS 
OE POOR QUALITY 
A l l  mathods overest imated r a i n f a l l  i n  1980 and 1981, while a l l  methods under- 
estimated t h e  na3n i n  1978. Yet a comparison of Table 2 - 1  and Figure 3-2 
would dugpast t h e  oppogite,  That is, t he  cloud top temperature vs .  p rec ip i -  
t a t i o n  r e l a t i o n s h i p  usad i n  1978 should produce s l i g h t l y  h igher  est imutes  
t han  e i t h e r  currs used in 1980 and 1981. The answer t o  t h i s  apparent paradox 
is t h a t  t h e  per iod  March t o  August 1978 had above nonnal .prec ip i ta t ion  while 
June 1980 t o  April 1981 was m u s u a l l y  dry. 
In reg ions  with very dry environments (dese r t s  and temporary drought a reas)  
d i sappoin t ingly  scant  r a i n  is produced a s  a rule by t h e  uccasional  cumulonimbus 
t h a t  does occur ,  even when t h e  convective chimney is q u i t e  l a rge  and t a l l ,  
In  very  wet environments, on the  o t h e r  hand, r a t h e r  innocuous appearing 
build-ups may br ing  su rp r i s ing ly  heavy r a i n ,  There is usua l ly  a l a g  of s eve ra l  
months from t h e  onset  of  t he  below normal r a i n f a l l  which i n i t i a t e s  t h e  drought 
condit ion t o  t h e  i n h i b i t i n g  e f f e c t  on such cumulonimbus as do occur.  A 
s i m i l a r  lag occurs  i n  t h e  excessively wet per iods ,  
Depalrtures from n o n a i  i n  p r e c i p i t a t i o n  f o r  s t a t i o n s  represent ing  s i x  geo- 
graphica l  a r eas  of Vi rg in ia  a r e  presented i n  Tables 5-24 and 5-25. Table 5-24 
shows well above nonnal r a i n f a l l  f o r  t h e  per iod  March 1978 through August 
1978, and below nonnal f o r  t h e  following two months. Table 5-25  shows l a r g e  
d e f i c i t s  f o r  t h e  per iod  March L980 through Apr i l  1981. The cumulative d e f i c i t  
ranges from -2.28 inches a t  Wytheville t o  -16.37 inches a t  Notfolk. Under 
t h e s e  circumstances any p red ic t ive  curve based on nonnal p r e c i p i t a t i o n  w i l l  
underestimate i n  t h e  wet periods and overest imate i n  t he  dry.  However, an 
examination of  t he  scores  i n  Tables 2-2 through 2 - 9 ,  and 5 - 1  through 5 - 2 2 ,  
w i l l  show t h a t  Q and Qm a r e  t he  only methods t h a t  a r e  s e r ious ly  a f f e c t e d  by 
t h e s e  anomalous s i t u a t i o n s .  
For t h e  seven s tonns o f  1978 taken toge ther ,  t h e  mean underestimate f o r  Q is 
-0.20 inch, t o r  Qm i s  -0.11 inch,  and f o r  G,  Qa and Qam a n e g l i g i b l e  -0 . O 1  
inch. The worst score  f o r  a s i n g l e  storm is -0.69 inch f o r  Q, -0.38 inch f o r  
Qm, -0.20 inch f o r  G ,  -0.19 inch f o r  Qam, and -0.17 inch f o r  Qa. The l a rge  
underestimates f o r  Q and Qm occurred on May 4-5, 1978; those f o r  G ,  Qam and 
Qa on Ju ly  31-August 1, 1978. 
For t h e  21 storms o f  1980-81 taken toge ther ,  t h e  mean overest imate f o r  Q is  
+O. 31 inch ( ~ l d  curve) and +O. 43 inch (pew curve) ; f o r  Qm it is  +0.16 inch 
Cold curve) and +0.22 inch [new curve).  Qa and Qam show n e g l i g i b l e  over- 
Table 5-24, Departure from Nomrl i n  Precipitatf on, 1973 [inches] 
1978 R I C  W LYH ROA 
July -1.39 -9.27 +O. 78 +0,93 
August +0 t 87 t4.13 -0.16 42, Ill 
cumulative +5,55 +5.47 +7.00 410.36 
March- P,ugust 
September -3.32 -2.90 -3.28 -2.97 
October -1.73 -1.87 -1.76 -2.41 
Cwnulat ive  -5.05 -4.77 -5.04 -5.38 
Septernber- 
october 
Legend : RIC a Richmond, Eastern Piedmont 
IVY = Ilytheville, Southwestern Mountain 
LYH = Lynchburg, Western Piedmont 
ROA Roanoke, Central Mountain 
ORF = Norfolk, Tidewater 
IAD Dulles International Airport, Northern 
ORF 
+4,38 
+O,19 
+2.30 
+4,22 
-1.51 
-4 26 
+S . S2 
IAD 
+2.85 
-1.34 
+1,37 
+O .75 
+O ,40 
+O .04 
+4.07 
Table 6t25.  Departuns fmm No-1 in Precipitat ion,  1980-1 cinches] 
1980 R IC W LYH RO A ORF TAD 
June -3.14 -1.06 -2 .7s  -1.70 -2.23 -1.72 
July -0.45 +2.93 -0.44 + I ,  44 -3.85 +O .29 
August -2.91 -2.25 -2.71 -1.28 ' -1.38 -2.58 
September -1.21 M.27 -1.51 -1.76 
October +S .02  +0.67 -0.25 -0.89 
November -1.02 -0.65 +O. 19 -0.70 
t 
December -2.82 -1.98 -2.65 -2.51 
February -0.25 -0.05 +1.02 -0.66 
Hard  -1.86 -1.14 -1.65 -1.03 
Apri 1 +O. 19 -0.36 -0.29 -1.05 
Cumulative 
June-April -11.67 -5.09 -13.35 -12.59 
Legend : RIC = Richmond, Eastern Piedmont 
WY Wytheville , Southwestern Zlfountain 
LYH Lynchburg, Western Piedmont 
ROA = Roanoke, Central Mountain 
ORF = Norfolk, Tidewater 
rAD Dulles Internationl Airpon, Northern 
estimates of +0,04 and +0,02 inch f a r  each curve, and G has z e m  bias .  The 
l a r g e a t  overestimates f o r  Q a r e  +I .66 inches (old curve) and +1.64 inches 
(new curve) on December 9-10, 1980, The l a rges t  f o r  Qrn a r e  +0.85 inch (old 
curve, March 22-23, 1981) and +0,82 inch (new curve, December 9-10, 1980) . 
Largest f o r  Qa a r e  +0,31 inch (old curve) and +0.36 inch (new curve) bath on 
March 4-5, 1981. Largest f o r  Qam a re  +O. 16 inch (old curve) , and +0.113 inch 
[new curve) both on March 4-5, 1981, G has no bias  l a r g e r  than - +0.06 inch 
i n  any of the 21 storms, an exce l len t  record. These s t a t i s t i c s  show t h a t  
the  automated method has a b u i l t - i n  protect ion against  b i a s .  
Neither the o ld  nor  the new curve of cloud top temperature vs .  p rec ip i t a t i on  
shows decided super ior i ty .  The frequencies i n  Table 5-?3 give a s l i g h t  edge 
t o  t h e  new curve. Tables 5-2 through 5-22 i nd ica t e  t h a t  Q was improved i n  
only 38 percent of the cases when the new curve replaced the  o ld ,  and Qm i n  
only 33 percent of the cases.  On the  o ther  hand, Qa improved i n  67 percent 
of t h e  cases ,  and Qam improved i n  71 percent of the cases.  However, the  
composite scores i n  Table 5-lshow much l a r g e r  meat; enors f o r  Q and Qm under 
t he  new curve than under the  old,  but very small il~tprovements i n  Qa and Qam 
u ~ : ~ d s r  the new curve. This tends t o  swing the  verd ic t  i n  favor of the o ld  
curve. 
Since ne i ther  curve has demonstrated masked supe r io r i t y  when t e s t ed  i n  2 1  
storms, it i s  fo r tuna te  t h a t  both curves are now i n t ~ g r a l  p a r t s  of the  
computer program. The user  may 3tIopt e i t h e r  o r  both curves f o r  each ra iny  
day, a t  his discrd t ion .  
SECTION 6 -  THE FUTURE 
I 
This repor t  completes t he  research and development phase o f  t he  p ro j ec t .  The 
automated technique i s  now ready f o r  t h e  operat ional  phase f o r  which it was 
designed. In presenting r e l i a b l e  p r e c i p i t a t i o n  e s  imates f o r  every c e l l  i n  2 
Viginia i n  near  r e a l  time on a da i ly  on-going bas is ,  t h e  technique requi res  
on the order  of 125 t o  150 d a i l y  gage readings by dependable, highly motivated 
observers d i s t r i bu ted  a s  uniformly a s  f e a s i b l e  across  t he  s t a t e .  
Appendix C lists the  s t a t i o n s  used i n  the  various s tages  of  t he  inves t iga t ion .  
These include o f f i c i a l  weather s t a t i o n s  which repor t  d a i l y  over na t lona l  
te le type  and facsimile  c i r c u i t s ;  NATS s t a t i o n s  r ec ru i t ed  by VPIBSU, a l s o  
report ing da i ly ;  cooperative observers whose repor t s  a r e  J i f f i c u l t  t o  obtain 
p r i o r  t o  publ icat ion twomnths o r  more a f t e r  t h e  f a c t ;  and a handful of 
s t a t i ons  no longer report ing.  Observation time f o r  a l l  these s t a t i o n s  is ,  of 
necessi ty ,  between 6 a.m. and 9 a.m. l oca l  time. For bes t  r e s u l t s  with the 
automated technique, the  cooperative observers should e i t h e r  be induced t o  
assume NATS s t a tu s  o r  be by-passed with nearby r e c r u i t s .  The cooperative 
observers a r e  i n  general a dedicated breed, ye t  t h e i r  r epo r t s  a r e  of l i t t l e  
value t o  t h e  program i f  delayed more than 24 hours pas t  observation time. 
The motivation of volunteer observers depends la rge ly  on the  "human approachtf, 
on convincing the  observer t h a t  h i s  contr ibut ion is important,  and maintaining 
t h a t  conviction by frequent feedback of pos i t i ve  r e s u l t s  achieved by t h e  
system. The NATS observers,  r ec ru i t ed  mainly from the  ag r i cu l tu ra l  community, 
no doubt have a s take i n  t h e  economic bene f i t s  of t he  program, but  pr ide  i n  
having a worthwile impact on t h e i r  neighborsf management problems and 
programs a l s o  looms large.  
16 John F. Moses @loses ) has computerized t h e  most time-consuming and laborious 
aspects of the  Scofield/Olivor scheme and developed an i n t e r a c t i v e  man-machine 
technique. Tests of h i s  model a r e  very promising; p a r t i c u l a r l y  good scores 
were made i n  a heavy thunderstorm regime over a high-density network of r a i n  
gages i n  northern I l l i n o i s .  This i n t e r a c t i v e  tehnique i s  s t i l l  used almost 
exclusively f o r  heavy r a i n  s i t u a t i o n s ,  but it i s  hoped t h a t  eventual ly  it can 
be applied t o  weaker storms, a s  required by a g r i c u l t u r a l  users .  
Project AGRISTARS, funded by Congress t o  devise a comprehensive program t o  
estimate precipi ta t ion on a world-wide, year-round basis ,  has  been examining 
a11 exis tent  methods t o  a t t a i n  this end. The Applications Laboratory of NESS, 
Washington, D . C. is developing meteorological s a t e l l i t e  derived productr i n  
support of AGRISTARS. ?he users of the automated technique might f ind it 
advantageous t o  maintain contact with the  Applications Lab i n  order t o  benef i t  
by i t s  findings. 
In order t o  exploit  new breakthroughs, the software of the  system described 
in  t h i s  report is adaptable and open-ended. The hardware, unlike many systems 
designed for  short-range rerearch projects,  has been provided by NASA f o r  a 
. permanent operation, rand is generally of highest qua l i ty  and durabi l i ty .  
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pfficial Svnmses by MUS Forecast Office,  Washington, D. C. 
August 15-16, 1980: A cold f ront  extension froin Central New Ysrk t o  lndfana 
on the  morning of August 15 moved southeastward across Virginia i n  the  night  
and became s ta t ionary  over the  Carolinas on t h e  16th. 
September 9-10, 1980: A strong cold f ron t  located i n  the  Ohio Valley the  
morning of  September 9 moved across the  Appalachians by night reaching the 
north porzion of Chesapeake Bay l a t e  a t  night .  I t  moved e a s t  of the  Bay and 
east  coas t  ea r ly  Wednesday CSep. 10) morning, but t r a i l e d  back across western 
North Carolina a t  09392 September 10. 
September 26-17, 1980: No f m t  i n  the  area.  Southeasterly winds of 10 t o  
15 knots i n  the afternoon becoming southerly 10 to  15 knots i n  t h e  night.  
September 17-18, 1980: A cold f ront  moved eastward through the  Ohio Valley 
om September 17 and szal led  over the  Appalachians l a t e  i n  the day, spreading 
showers and thunderstoms over Virginia. A warm front  formed across southern 
Virignia during t h e  afternoon, but weakened i n  the n ight .  The cold f ront  
extended from eas tern  New ~ n ~ l a n d  through southwest Virginia by 09192 
September 18. I t  moved southeastward off  the  cozst by l a t e  i n  the  day. 
September 24-25, 1980: A s ta t ionary  front: extended east-west across the  .- 
Carolinas near 35" north. Some ra in  deseloped across Virginia due t o  the 
newness of the f r o n t .  
September 25-26, 1980: A cold f ront  extending from Ohio in to  Tennessee on 
the 25th moved rap id ly  eastward crossing Chesqeake Bay l a t e  pn' the night of 
September 25, A s trong secondary cold f ront  crossed the  Appalachians on 
h 
the morning of September 26 and moved offshore ea r ly  i n  the  afternoon. 
October 1-2, 1980: A low center  eas t  0:: the  Virginia capes moved slcwly 
east  northeastward on October 1 and ea r ly  October 2.  A cold . f ront  i n  the 
1 
mi~dwest moved eastward across the  Appalachians late! on October 2. 
October 24-25, 1980: A deepening low off the  Georgia coast on the  morning 
04 October 24 moved northward, reaching the  North Carolina coast soi1th of 
Hat'teras a t  3 a.m. (EM') October 25.  I t  continued t o  in tens i fy  as it moved 
northward in to  the  southern Chesapeake Bay. 
November 14-15, 1980: A slow-moving cold f ron t  crossed the  Appalzchians on 
the afternoon of November 14 and i n t o  cent ra l  Virginia a t  night .  
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November 15-16, 1980: The cold f r o n t  moved across  t h e  Chesapeake Bay and 
southern  Virg in ia  t h e  morning o f  November 15 and became s t a t i o n a r y  ove r  t h e  
Caro l inas  by n igh t .  Late on t h e  n i g h t  o f  November IS a low moved eastward 
o f f  theVNor th  Carol ina coas t .  High p re s su re  dominated V i r g i n i a  on t h e  morning 
o f  November 16. 
November 17-18, 1980: A f r o n t a l  t rough developed l a t e  t h e  morning o f  November 
17 near  t h e  Virg in ia  capes and Caro l ina  c o a s t l i n e ,  i n t e n s i f y i n g  i n  t h e  a f t e r -  
noon. A low pressure  cen te r  formed o f f sho re  along t h e  f r o n t  n e a r  sou theas t e rn  
Vi rg in i a  during t h e  n ight  and moved e a s t  northeastward a t  30 kno t s ,  wi th  a 
c o l d  f r o n t  t r a i l i n g  down across  South Caro l ina  by l a t e  on November 18. 
December 9-10, 1980: A low over  Kentucky on the  morning of December 9 moved 
northeastward across  West V i rg in i a  i n  t he  af ternoon,  ac ros s  Pennsylvania i n  
t h e  n ight  and o f f  t h e  New England coas t  on December 10. A c o l d  f r o n t  south-  
ward from t h e  low crossed VCrginia i n  t h e  af ternoon and n i g h t  o f  t h e  9th.  
By 12002 December 10 the  f'ront was i n  southeas te rn  V i r g i n i a  moving o f f sho re .  
March 4-5, 1981: An i n t e n s i f y i n g  low over  t h e  p l a i n s  s t a t e s  was moving e a s t -  
ward, but  could not  a f f e c t  V i rg in i a  weather.  Another i n t e n s i f y i n g  low 
developed over South Carol ina i n  t h e  e a r l y  morning o f  March 5 and began moving 
northeastward. 
March 5-6, 1981: The i n t e n s i f y i n g  low over  South Caro l ina  at 09392 March 5 
moved t o  no r theas t e rn  North Carol ina by 15392 and o f f  t h e  V i r g i n i a  capes by 
21392 and moved o f f  t o  t h e  e a s t  no r theas t  t h e r e a f t e r .  V i r g i n i a  w a s  dominated 
by s trong no r the r ly  winds, with snow f l u r r i e s ,  
March 16-17, 1981: A s t rong  cold f r o n t  moved southeastward a c r o s s  V i rg in i a  
on March 16, and out  over t h e  A t l a n t i c  l a t e  i n  t h e  day. 
March 22-23) 1981: A weak high p re s su re  r i d g e  remained over V i r g i n i a  on 
March 22, moving o f f  the  coas t  e a r l y  i n  t h e  morning o f  blarch 23. A de- 
veloping low over Arkansas e a r l y  on March 22 moved r a p i d l y  eastward and o f f  
t h e  South Carol ina coas t  by l a t e  i n  t h e  morning of  March 23. 
March 29-30, i981:- A s t rong  high off t h e  Caro l ina  coas t  moved s lowly  e a s t -  
ward. A c o l d  f r o n t  over t h e  g r e a t  p l d i n s  maved r a p i d l y  eastward b u t  was 
s t i l l  west of t h e  Appalachians e a r l y  on t h e  morning of  March 3 0 .  
March 30-31, 1981: The co ld  f r o n t  extending southward from Chicago on t h e  
morning o f  March 30 moved eastward ac ros s  V i rg in i a  l a t e  i n  the  af te rnoon and 
o f f  the  e a s t  coas t  a t  n i g h t .  High p re s su re  b u i l t  up behind t h e  f r o n t .  
0-3 
Apr i l  14-15, 1981: A warm f ron t  l y i n g ~ a c r o s s  southwest Virginla  In t h e  
, moAing moved eastward across t he  state i n  t h e  afternoon. A s t rong cold  
f r o n t  followed i n  t he  wake of t h e  warm f r o n t ,  moving e a s t  and south o f  
Virginia  sho r t l y  before midnight. 
May 15-16, 1981: A cold f ron t  from Ohio t o  Georgia i n  t h e  morning moved t o  
a l i n e  from eastern  Ohia t o  cen t ra l  South Carolina by evening. It crossed 
Virginia  during t he  night reaching the  coast  shor t ly  a f t e r  daybreak. 
May 18-19, 1981: High pressure dominated Virginia today, bu t  a low movedknto 
western Tennessee i n  the  l a t e  afternoon with a warm f ron t  extending eastward 
from the  low across the  Carolinas. The f ron t  lay east-west across southern 
Virginia  during the  night ,  and became s ta t ionary  across northern North Carol ina  
i n  tho  ea r ly  morning, 
May 19-20, 1981: An east-west f ron t  across cen t ra l  North Carolina remained 
s t a t i ona ry  today as a 1007-mb low i n  western Tennessee zt 12002 moved 
eastward along the  f ron t ,  reaching the  North Carolina coast  Nednesday morning. 
Early Wednesday morning (May 20) the  f ron t  became a cold f r o n t  and moved 
southward across South Carolina. 
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APPENDIX C 9 STATIONS USED IN INVESTIGATION 
St atus 
-
Control 
Analysis 
Analysis 
Contro 1 
Analysis 
Control 
N-0 
-- 
Allisonia 
Altavista 
Amelia [see JE) 
Row 
7 
Co 1 
-
66 40 
63 60 
Lat 
-
36.90 
37.10 
37.30 
Long 
80.75 
79.30 
78.03 
78.02 
78.88 
79.52 
77.98 
78.43 
80.42 
81.10 
78.30 
78.97 
78.9!$ 
79.68 
78.55 
79.35 
80.98 
77.95 
78.65 
78.52 
78.45 
78.47 
79.40 
78.57 
79.83 
78.15 
78.97 
80.13 
77.37 
80.00 
79.38 
77.80 
78.25 
79.33 
Amissville 
Appomattox 
Bedf ord 
Berryville 
Big Meadows 
Blacksburg 
Bland 
Bremo Bluff 
Bridgewater 
Sraoknesl 
Bucfianan 
Bucltingham 
Buena Vista 
3yllesby 
Camp Pickett 
Charlotte C. H. 
Charlottesville 
Charltsvl Airpt 
Chase City 
Chat ham 
Clarksville 
Clifton Forge 
Columbia 
Concord 
Copper Hi 11 
Corhin 
Covingt on 
Craigsville 
Crozier 
Cumber lmd 
Danville Arpt. 
Control 
Analysis 
Analysis 
Contro 1 
Analysis 
Analysis N 
Cont ro 1 
Analysis 
Control 
Control 
Control 
Control 
Contro 1 
Control 
CHO Analysis 
Control N 
C~ntrol 
Control 
Analysis * 
Analysis 
Contro 1 
Contro 1 
Control 
Control 
Contro 1 
Analysis 
Control 
Analysis DAN 
Name 
-
Danville (Bridge) 
D.C. Nattl Airpt, 
Deerfield 
Dulles Int. Arpt. 
Earlehurst 
Edinburg 
Emporia 
Farmville 
Floyd 
Fort Belvoir 
Fort Eustis 
Free Union 
Gathright Dam 
Glasgow 
Glen Lyn 
Gordonsville 
(- Gas hen 
-. Grundy 
Hillsville 
Holcombs Rock 
Holland 
Hot Springs 
Huddleston 
Independence 
rsle o f  ~ g h t  
Jetersville 
John Flannagan Lk 
John Kerr Dam 
Call 
-
ID 
-
D A 29 
DCA 95 
DE 30 
IAD 94 
EA + 3 1 
ED 166 
Col 
-
59 
93 
59 
87 
47 
Lat tong 
- 
36.58 79.38 
38.85 77.03 
08.17 79.37 
38.95 77.45 
37.67 80.23 
Status 
7 
Analysis 
Analysis 
Control * 
Analysis 
Analysis 
Control N 
Control 
Analysis 
Control 
Control 
Control 
Analysis 
Analysis 
Control 
Control X 
Ahalysis 
Analysis 
Control 
Analysis 
Control 
Control 
Control 
Control 
Analysis 
Analysis N 
N 
Analysis 
DAA 114 
FAF 118 
FU 35 
GI' 15s 
GG 37 
GL 38 
GD 39 
GO 40 * 
GR 41 
Analysis 
Control 
Analysis 
Control 
Analysis N 
Analysis 
Analysis N 
Control 
Analysis 
Kerrs Creek 
Keysville 
Lafayette 
Lancaster 
Larigley AFB 
Leesburg 
Luray 
Lynchburg 
LF I 52 
LE 143 
LU 5 3 
LYH 54 
Nome 
-
M ~ ~ i n s v i l l e  F31
McDowe 1 I.
Ikadows of Dan 
Millgap 
fill R u n  Fam 
Montebello 
Mountain Grove 
Mt. Solon 
Mount Weather 
NAS, Norfolk 
New Cast le  
Newport 
Newport 6NE 
Newsoms 
Norfolk 
North Fork Lake 
North River Dam 
Oceania 
Orange (PE') 
Palmpa 
Patr ick Henry 
Pedlar Dam 
Petersburg 
Phi l p o t t  Dam 
Piedmont R.S. [OR] 
P i lo t  
Piney River 
Powhatan 
Quantico Marine 
Radf ord 
Rando 1 ph 
Rapidan 
Richmond 
Rivert on 
Roanoke 
Rockfish 
Call 
-
ID 
-
MP 157 
MC 5s 
MD 56 
M I  57 
MR 58 
MB 60 
MG 6 1 
MS 158 
MU ' 62 
NGU 151 
NC 63 
NE 64 
NP 144 
NS 145 
ORF 65 
NF 66 
HR 67 
NTU 116 
PE 7 1 
PA 68 
PHF 152 
PD 69 
PC 159 
PT 70 
PE 7 1 
P I  72 
PR 73 
PW 160 
.iNYG 113 
R A 74 
RL 75 
RP 76 
RIC 77 
R I  7 8 
ROA 79 
RO 80 
Row - 
- 
Col 
68 5 2 
49 5 7 
68 44 
49 54 
5 1  54 
5 4 63 
5 2 52 
Status 
-
Analysis 
Control 
Control 
Control 
Control 
Analysis 
Analysis 
Analysis 
Analysis 
Contro 1 
Control 
Control 
Analysis N 
Analysis N 
Analysis 
Control 
Analysis * 
Control 
Control 
Control 
Analysis 
Analysis 
Control 
Contro 1 
Control 
Analysis 
Control 
Control 
Analysis 
Control 
Analysis 
Analysis 
Analysis 
Control * 
Analysis 
.Analysis 
r: Name - 
Rocky Mount ma] 
South Boston 
Speedwell 
Staf fordsville 
Stanardsville 
Staunton, S,P. 
Sterling 
Stony Creek 
Stuart 
The Plains 
Tinberville 5E 
Trout Dale 
Tye River 
Wakefield 6NE 
Wa.1 laceton 
Wallops Island 
Warrenton 
Washington, Va, 
Waverly 
West Point 
Willis 
Winchester 
Wtnterpock 
Woodstock 
Woolwine 
Wytheville 
Row 
CC 
65 
68 
6 7 
61 
50 
51 
42 
66 
6 9 
43 
46 
6 8 
57 
64 
69 
54 
45 
4 5 
64 
59 
66 
39 
61 
43 
6 8 
6 5 
Col 
CC 
5 2 
66 
34 
40 
72 
64 
86 
87 
46 
82 
69 
30 
6 5 
94 
10 1 
115 
82, 
76 
9 2 
9 5 
4 3 
76 
84 
7 1 
46 
35 
' Cat 
- 
37,OO 
36.76 
36.82 
37.27 
38.27 
38.15 
38.98 
36.90 
36.63 
38.90 
38.62 
36.67 
37.63 
37.02 
36.60 
37.95 
38.68 
38.72 
37.03 
37.52 
36,85 
39.20 
37.33 
38.88 
36.72 
36.93 
Status 
-
Analysis 
Analysis 
ContrQl 
AnalySis 
Control N 
Control 
Control 
Analysis 
Contro 1 
Clontrol 
Control N 
Analysis 
Analysis 
Analysis N 
Analysis 
Analysis 
Analysis 
Analysis 
Control 
Control N 
Analysis 
Control' 
Analysis 
Analysis 
Analysis 
Analysis 
SU 
TP 
TI 
TD 
TR 
W F 
WL 
WAL 
Out of State 
103 44 95 76.87 Analysis 
76.67 Analysis 
81.12 Analysis 
81.22 Analysis 
8.2.40 Analysis 
81.60 .4nalysis 
75.45 Analysis 
76.18 Analysis 
79.85 Analysis 
Andrews AFB, Md. ADW 
I 
Baltimore, Md . BAL 
Beckley, W.Va. B W  
v Bluefield, W.V. BLF 
Bristol, Tenn. TRI 
Charleston, W.V. CRW 
Dover, Det. DOV 
Elf zabeth C. ,N,C, ECG 
Elkhs, W; Va. EKN 
Name 
- 
Greensboro, NC 
Huntington, WII 
Matinsburg, WV 
Patwcent , Md. 
Raleigh, N.C. 
Rocky Mount, NC 
Salisbury, Md. 
Winston-Salem NC 
Call 
-
CSO 
ms 
MRB 
NHK 
RW 
RW I 
S BY 
INT 
- ,.
Row ID - Col ' Lat CC - 
110 75 51 36.08 
. Long 'Status 
-
79.95 Analysis 
82.55 Analysis 
77.98 Analysis 
76.42 Analysis 
78.78 Analysis 
77.88 Analysis 
75.52 Analysis 
80.23 Analysis 
N - NATS Station 
* - Station closed during l a t e r  par t  of t h i s  study. 
# - Glen Lyn now takes observations a t  6 p.m. 
Due t o  closing of s ta t ions  and resu l t ing  imbalance, the s tarus  of eight s ta t ions  
was changed midway tnrorugn the study. Columbia, Goshen, Independence and 
Patrick Henry were changed from Control t o  Analysis; Corbin, Craigsvil le,  
Millgap and Winchester were changed f ~ o m  Analysis t o  Control. 
REFERENCES 
1, E. C. Barret t ,  "The Estimation of Monthly Rainfal l  from S a t e l l i t e  Data," 
Mon'thly Weather Review, April  1970, Vol. 98, No. 4 ,  pp. 322-327 
2. E. C. Barret t ,  "The Assessment of Rainfal l  i n  Northeastern Oman through t h e  
In tegra t ion  of Observations from Conventional and S a t e l l i t e  SourcesBtt 
Consultant 's Report t o  the  Food and Agriculture Organization of t h e  United 
Nations, January 1977 
3. bl. Y. Chan. l l F o r e c a s t i n ~  Daily Rainfa l l  Amount f o r  a S ina le  S t a t i o n  Usinn 
Sate1 l i t e  ~ h o t o ~ r a ~ h s  ,"-~echnical  Report ( local )  No. 21 , - ~ o y a l  ~ b s e r v a t o G ,  
Hong Kong, 1976 
4. W. A. Follansbee and V. J. Oliver,  "A Comparison of Inf rared  Imagery and 
Video Pictures i n  the  Estimation o f ,Da i ly  Rainfa l l  from S a t e l l i t e  Data," 
NOAA Technical Monrorandwn NESS 62, January 1975, 14 pp. 
5. K. A. Follansbee, 'lEstimaticn of Daily P rec ip i t a t ion  over China and t h e  
U.S.S.R. Using S a t e l l i t e  Imagery," NOAA Technical Memorandum NESS 81, 
September 1976, 30 pp. 
5 .  C. G, G r i f f i t h ,  W .  L. Woodley, Q. W, Martin, D, N. S i k d a ~ ,  dehn Stout  and 
P. G. Grube, "Rain Estimation from Geosynchronous Sate1 l i t e  Imagery - 
Visible and Infrared  Studies ,"  Monthly Weather Review, August 1978, Vol. 
106, NO. 9, pp. 1153-1171 
7. D .  W. Martin and I\'. D. Scherer, "Review of S a t e l l i t e  Rainfa l l  Estimation 
blethods," Bullet in American -Meteorological Society,  - Ju ly  1973, Vol. 54 
No. 7, pp. 661-674 
8. R. A. Scofield and V .  J. Oliver ,  "A Scheme f o r  Estimating Convective 
Rainfal l  from S a t e l l i t e  Imagery," NOAA Technical Memorandum -NESS 86, 
National Environmental S a t e l l i t e  Service,  Washington, D. C . ,  Apr i l  1977, 
47 PP. 
9. h'. L. Woodley and R. I. Sax, "The Florida Area Cumulus Experiment: Rationale,  
Design, Procedures, Resr-tlts and Future Course," NOAA Technical Report ERL 
354-WMP06, National Hurricane and Experimental Meteorology Laboratory, 
Miami, Florida,  1976 
10. D. W. Martin, John Stout  and D. N. Sikdar, "GATE Area Rainfa l l  Estimation 
from S a t e l l i t e  Images," A Report on NOAA Grant 04-5-158-47, Univers i ty  of  
i Wisconsin, Madisor), Wisconsin, 1975 
11. C. G .  G r i f f i t h ,  W. L. !Voodley and D.  W, Martin, "Rainfal l  Estimation from 
. Geosyncl~ronous Sate1 lit e Imagery during Da.y l i g h t  Hours, " NOAA Technical 
Report ERL 356-WIrfP07, Miami, Florida,  1976, 106 pp. 
12. 1s. L. Woodlcy, 8. Sancho and A .  H. Mi l ler ,  "Rainfal l  Estimation from 
S a t e l l i t e  Cloud Photographs," NOAA Technical Memorandum ERL OD-11 ,  National 
Hurricane and Experimental bteteorology Laboratory, M i a m i ,  F lor ida ,  1972 
13. R. A. Scoficld and V. J. Oliver, "Using S a t e l l i t e  Imagery t o  Estimate 
Rainfall from two Types of Convective Systems," 11th Technical Conference 
on Hurricanes and Tropical Meteorology (Miami), Amerlcan Meteorological 
Society, Boston, Mass., 1977 
14. R. A. ScoFieSd, I1Using S a t e l l i t e  Imagery t o  Estimate Rainfa l l  during the  
Johnstown Rainstorm," A7plications Division, National Environmental 
S a t e l l i t e  Service, NOAA, Washington, D. C, , 1978 
15. R. A. Scofield, "The Use of S a t e l l i t e  Imagery f o r  Analyzing Some Types of 
Synoptic Scale Precipi ta t ion Events ," National Weather Digbst, February 1978, 
pp. 20-25 
16. J, F, Moses, ' Y N ~ m e r i ~ a l  Methods f o r  the  Analysis of S a t e l l i t e  Rainfal l  
Estimates," Paper published in  t h e  Proceedings of the  Eight Conference 
on Weather Forecasting and Analysis, June 1980, Denver, Colorada, pp. 101- 
107 CAmerican Meteorological Society) 
